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ABSTRACT 


Evidence  is  growing  that  sulfur  mustard  not  only  causes 
DNA  damage,  but  also  acts  by  other  toxic  mechanisms. 
Increase  in  the  intracellular  cytosolic  free  Ca~  ( [Ca],) 
levels  might  be  one  of  the  pathways  leading  to 
cytotoxicity.  The  [Ca],  in  monolayers  of  human  epidermal 
keratinocytes  exposed  to  sulfur  mustard  has  been  measured 
by  means  of  the  fluorescent  indicator  Fura-2.  A ratio 
approach  was  used  by  monitoring  the  fluorescent  intensity 
of  Fura-2  at  excitation  wavelengths  of  340  and  359  nm 
with  an  emission  wavelength  of  510  nm.  So  far, 
preliminary  results  have  been  obtained,  which  indicate 
that  exposure  to  50,  100  or  200  (iM  of  sulfur  mustard 

causes  little  or  no  changes  in  [Ca],  of  cultured  human 
epidermal  keratinocytes  during  the  first  7 hr  after 
treatment. 
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INTRODUCTION 


Ca**  may  play  a vital  role  in  the  onset  of  toxicological 
processes  leading  to  cell  death  (1-3).  Disruption  of  the 
intracellular  Ca*+  homeostasis  may  cause  an  increase  of 
the  intracellular  cytosolic  free  Ca**  ([Cajj)  levels. 
Possibly,  this  will  initiate  changes  in  the  cytoskeleton 
as  well  as  degradative  cell  processes,  including 
activation  of  certain  proteases  and  nucleases.  As  these 
mechanisms  might  be  involved  in  the  patholology  of 
blister  formation  due  to  sulfur  mustard  exposure,  it  has 
been  investigated  whether  deregulation  of  Ca** 
homeostasis  is  involved  in  sulfur  mustard-induced 
toxicity  in  cultured  human  epidermal  keratinocytes  (HER) . 


METHODS 


Materials 

Fura-2  free  acid  and  Fura-2  acetoxymethyl  ester  (Fura-2 
AM)  were  purchased  from  Molecular  Probes  (Eugene,  OR); 
Pluronic  F-127  from  Calbiochem  (San  Diego,  CA); 
digitonin,  ionomycin,  CaCl,,  ethylene  glycol-bis ( 0- 
aminoethyl  ether ) -N, N , N ', N ' -tetraacetic  acid  ( EGTA ) and 
cell  culture  supplies  from  Sigma  (St.  Louis,  MO). 


Cell  culture  method 

Secondary  cultures  of  HER  were  grown  on  glass  coverslips 
that  were  covered  with  a feeder  layer  of  irradiated  3T3 
mouse  fibroblasts.  The  culture  medium  was  a mixture  of 
DMEM  and  Ham's  F12  medium  (3:1),  supplemented  with  10% 
bovine  calf  serum,  10"10  M cholera  toxin,  0.4  pg/ml 
hydrocortisone  and  10  ng/ml  epidermal  growth  factor  and 
50  (ig/ml  gentamicin  (4).  At  day  7 after  plating  the 
remnants  of  the  feeder  layer  were  removed  by  vigorously 
pipetting.  The  HER  were  then  fed  with  Clonetics 
Reratinocyte  Growth  Medium  (RGM),  a serum-free  culture 
medium  with  a low  Ca**  concentration  of  0.15  mM.  At  day 
10,  when  the  HER  had  nearly  reached  confluence,  the 
monolayers  were  used  for  experiments. 


Loading 

The  method  of  Tang  and  Ziboh  was  used  (5).  In  brief, 
cells  were  incubated  at  RT  during  60  min  with  5 (:M  Fura-2 
AM  in  a HEPES  buffered  saline  solution  (pH  7.3), 
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containing  in  mM:  NaCl  110;  MgS04  1;  KC1  5.4;  KH,P04  0.44; 
NaH,P04  0.35;  glucose  5;  glutamine  2;  Hepes  25;  CaCl2 
0.15.  To  facilitate  dye  uptake,  0.03%  Pluronic  F-127  was 
added.  Unincorporated  fluorescent  dye  was  removed  by 
washing  the  HEK  with  buffer.  Subsequently,  the  cells  were 
held  for  another  60  min  in  buffer  at  RT  to  allow 
intracellular  deesterification. 


Assessment  of  intracellular  deesterification 
To  assess  whether  the  ester  has  been  hydrolyzed  by 
intracellular  hydrolases,  Fura-2-loaded  cells  were 
incubated  with  0.01%  digitonin  in  HEPES  buffer  for  20  min 
at  RT.  This  treatment  is  suffient  to  release  all 
cytosolic  Fura-2.  Then  excitation  spectra  of  the  cell- 
bound  Fura-2  were  recorded  in  the  presence  of  low  Ca*+ 
concentration  (EGTA)  and  high  Ca++  concentration  (CaCl2)  . 
These  spectra  were  compared  to  excitation  spectra  of 
Fura-2  free  acid  in  the  same  buffer. 


Ca3*  measurement  in  HEK  monolayers  on  glass  coverslips 
Measurements  were  performed  in  a temperature-controlled 
» cuvette  (37°C),  housed  in  a spectrof luorimeter  { SLM- 

Aminco  500C).  Changes  in  fluorescence  were  monitored  at 
excitation  wavelengths  of  340  and  359  nm  by  manual 
adjustment  of  the  wavelengths.  The  emission  wavelength 
was  510  nm. 

Coverslips  were  positioned  diagonally  in  the  cuvette, 
containing  HEPES  buffer. 

[Ca]i  were  estimated  from  ratio  measurements  of  Fura-2 
fluorescence  (340/359  nm  excitation)  using  the  following 
equation  (Eq.l): 

[Ca],  = Kd[(R  - R,in)/(Rrax-R)](Sf2/Sb2) 

K.  is  the  dissociation  constant  (220  nM  at  37°C).  R is 
the  ratio  of  the  sample,  and  R are  the  ratios 

obtained  with  cells  containing  very  low  and  very  high 
Ca++  levels,  respectively.  The  parameter  Sf2/Sb2  is  the 
ratio  of  fluorescence  values  measured  at  359  nm 
before/after  CaCl2  addition. 

To  determine  RB-n,  cells  were  loaded  with  Fura-2  in  a Ca++ 
free  buffer  containing  1 mM  EGTA  and  the  ratio  of 
fluorescence  intensity  at  the  excitation  wavelength  pair 
340/359  nm  was  recorded.  To  provide  Rmax,  [Ca]^  of  the 
keratinocytes  was  raised  by  enhancing  the  Ca+* 
concentration  in  the  cuvette  to  0.5  mM,  together  with  the 
addition  of  ionomycin  (final  concentration  10  pM) . The 
following  values  for  R . and  R...  were  obtained:  0.75  and 
1.32,  respectively. 
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Sulfur  mustard  exposure 

HEK  were  incubated  for  30  min  with  various  concentrations 
of  sulfur  mustard  in  KGM  at  RT.  Cells  were  loaded  with 
dye  after  exposure,  except  for  the  case  that  [Ca]j  was 
measured  1 hr  after  sulfur  mustard  treatment. 


RESULTS 

Fura-2  fluorescence  3oectra 

Fura-2  has  been  loaded  into  the  HEK  as  its  acetoxymethyl 
ester  (Fura-2AM).  Cytoplasmic  esterases  cleaved  the 
acetoxymethyl  ester  bonds,  yielding  free  Fura-2  into  the 
cytosol.  The  fluoroscence  spectra  of  Fura-2  released  from 
cells  lysed  by  0.01%  digitonin  (Fig  1A,  dashed  lines) 
were  nearly  identical  to  those  of  Fura-2  free  acid  in  the 
same  buffer  (Fig  1A,  solid  lines).  This  indicates  the 
absence  of  unhydrolyzed  Fura-2AM  in  the  cell  lysate. 
These  spectra  show  that  non-Ca**  bound  Fura-2  fluoresces 
maximally  at  380  run,  whereas  the  fluorescent  maximum 
switches  to  340  nm  when  Ca~  is  bound  to  Fura-2.  This 
wavelength  pair  is  generally  used  for  ratio  measurements 
of  [Ca],  (6). 

Figure  1.  Excitation  spectra  of  Fura-2  free  acid  in  HEPES 
buffer  (panel  A)  and  of  Fura-2  released  from  HEK  loaded 
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However,  the  excitation  spectrum  of  non-CaM  bound  free 
Fura-2  in  situ  in  HEK  in  monolayer  on  glass  coverslips 
showed  a definite  shoulder  at  390  nm  (Fig  IB),  which 
probably  is  the  excitation  peak  of  Fura-2  AM  (7).  The 
presence  of  this  shoulder  interferes  with  the  U3e  of  380 
nm  as  the  second  excitation  wavelength  for  ratio 
measurements.  Therefore,  the  wavelength  pair  of  340/359 
nm  has  been  used  for  ratio  estimation  instead  of  the 
340/380  nm  pair. 


real,  of  HEK  exposed  to  sulfur  mustard. 

When  HEK  were  exposed  during  30  min  to  50,  100  or  200  nM 
of  sulfur  mustard  this  resulted  in  little  or  no  changes 
in  [Ca],  at  1,  4 or  7 hr  after  exposure  compared  to  the 
[Ca].j  of  untreated  controls  at  these  time  points  (Table 
1).  Two  small  changes  were  observed.  One  is  a slight 
decrease  of  [Ca],  at  1 hr  after  exposure  to  100  |iM  sulfur 
mustard.  The  other  is  a little  increase  in  cells  that 
were  exposed  to  50  nM  at  7 hr  after  exposure. 


TABLE  1.  [Cajj  (nM)  of  HEK  exposed  to  sulfur  mustard  (x 
4 s.d.;  n » 6 for  each  point). 


Cone.  HD 
(HM) 

Time 

1 

after  exp.  (hr) 

4 7 

0 

148± 10 

10 1±7 

12846 

50 

154+13 

100 

1 10 1 8 

110  + 8 

138410 

200 

13847 

10144 
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DISCUSSION 


For  a meaningful  interpretation  of  the  presented  data,  it 
should  be  kept  in  mind  that  they  were  based  on  a limited 
number  of  experiments  and  were  obtained  under  suboptimal 
experimental  conditions  since  the  available 
spectrof luorometer  was  not  quite  fitted  for  [Ca]^ 
measurement  with  Fura-2.  As  a stirring  device  in  the 
cuvette  was  lacking,  cells  in  suspension  could  not  be 
used.  Therefore,  cells  were  grown  on  coverslips  which 
were  placed  diagonally  in  the  cuvette.  It  appeared  that 
after  loading,  unhydro.1  yzed  Fura-2  AM  remains  attached  to 
the  cells.  Probably,  the  ester  is  bound  to  cell  membranes 
or  trapped  in  organelles,  both  sites  at  which  it  cannot 
be  reached  by  esterases.  According  to  Malgaroli  et  al. 
(7),  who  reported  the  same  observations,  the  isosbestic 
point,  359  nm,  was  used  as  the  second  wavelength  for 
ratio  estimation.  Although  the  f luorometer  was  not 
equipped  for  continuous  dual  excitation  wavelength 
measurements,  ratio  estimation  obtained  by  manual 
adjustment  of  the  wavelengths  was  preferred  over  single 
wavelength  measurements,  since  a number  of  variables  that 
could  perturb  the  measurements  are  eliminated  by  using  a 
fluorescence  ratio. 

Considering  the  thus  obtained  data,  it  has  been  concluded 
that,  although  some  small  changes  in  the  [Ca],  of  HER 
were  observed,  exposure  of  HEK  to  concentrations  of 
sulfur  mustard  up  to  200  pM  does  not  lead  to  an  elevation 
of  [Ca]1  levels  within  7 hr  after  exposure.  If  exposure 
to  sulfur  musturd  will  cause  any  raise  in  [Ca],,  it  will 
be  such  small  that  it  could  not  be  detected  under  the 
present  experimental  conditions.  However,  the  presented 
data  include  neither  the  assessment  of  [Ca]i  at  very 
early  time  points  after  exposure,  nor  time  periods 
between  7 and  24  hr.  Therefore,  an  early  transient 
elevation  of  (Ca],,  or  an  irreversible  increase  starting 
later  than  7 hr  post-exposure  can  not  be  excluded. 
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